Peripherin is a type III intermediate filament (IF) abundantly expressed in developing neurons, but in the adult, it is primarily found in neurons extending to the peripheral nervous system. It has been suggested that peripherin may play a role in axonal elongation and/or cytoskeletal stabilization during development and regeneration. To further clarify the function of peripherin, we generated and characterized mice with a targeted disruption of the peripherin gene. The peripherin null mice were viable, reproduced normally and did not exhibit overt phenotypes. Microscopic analysis revealed no gross morphological defects in the ventral and dorsal roots, spinal cord, retina and gut, but protein analyses showed increased levels of the type IV IF a-internexin in ventral roots of peripherin null mice. Whereas the number and caliber of myelinated motor and sensory axons in the L5 roots remained unchanged in peripherin knockout mice, there was a substantial reduction ( 34%) in the number of L5 unmyelinated sensory fibers that correlated with a decreased binding of the lectin IB4. These results demonstrate a requirement of peripherin for the proper development of a subset of sensory neurons. Keywords: CGRP, dorsal root ganglion neurons, IB4, intermediate filament, sensory and motor neuronstransgenic mice.
Intermediate filaments (IFs), along with microtubules and microfilaments, are key components of the cytoarchitecture in all cells. None of the neural IF genes disrupted to date turned out to be dispensable for nervous system development (Gomi et al. 1995; Pekny et al. 1995; Julien 1999) . Nonetheless, the gene knockout approach provided useful information on many aspects of IF protein functions. For example, knockout mice for neurofilament genes revealed distinct roles for each subunit in filament assembly and it provided the definite proof for neurofilament involvement in the radial growth of large myelinated axons (Zhu et al. 1997 (Zhu et al. , 1998 Elder et al. 1998a Elder et al. , 1998b Rao et al. 1998; Jacomy et al. 1999) . Moreover, these mutant mice provided a unique approach to address the contribution of neurofilament proteins to pathogenesis of neurodegenerative diseases (Figlewicz et al. 1994; Lee et al. 1994) .
Peripherin was first discovered as being the major IF protein in neuroblastoma cell lines and in rat pheochromocytoma cells (PC12; Portier et al. 1983/84) . It is classified in the type III IF family based on its gene structure and on the coding sequence homologous to vimentin, GFAP and desmin (Thompson and Ziff 1989; Moncla et al. 1992) .
Peripherin is abundantly expressed in developing neurons, but in the adult, it is mostly found in neurons extending to the peripheral nervous system (PNS), as well as in subsets of CNS neurons (Escurat et al. 1990 ). More specifically, peripherin expression occurs in small nerve fibers, including those of the cerebellar white matter and brain stem, in sensory, enteric and autonomic ganglia (Parysek and Goldman 1987; Brody et al. 1989; Escurat et al. 1990; Gorham et al. 1990) . Peripherin is also detected in spinal motoneurons and neurons located in nuclei of the cranial nerves (Brody et al. 1989 ).
The exact function of peripherin is not known. However, as peripherin is expressed during development and mostly in neurons which project their axon outside the CNS, it has been suggested that peripherin may play a role in axonal guidance (Escurat et al. 1990; Gorham et al. 1990) . Moreover, several studies have shown that peripherin levels increase dramatically and for a long period of time after axonal injury, suggesting a role for peripherin in the regeneration process (Wong and Oblinger 1990) . There is also evidence that peripherin may be involved in neurodegenerative disorders. Several studies demonstrated that peripherin is coexpressed with neurofilaments in spinal spheroids associated with amyotrophic lateral sclerosis (ALS) and Parkinson's disease (Corbo and Hays 1992; Migheli et al. 1993; Wonk et al. 2000) . In addition, mice overexpressing peripherin displayed a late-onset motor neuron disease with pathological changes resembling those of human ALS .
To investigate the function of peripherin further, we generated peripherin null mice using the gene targeting technique. Although peripherin gene disruption did not alter mouse development, survival and reproduction, it resulted in a loss of unmyelinated sensory axons of a specific subset. Thus, our study reveals that a specific population of unmyelinated sensory neurons requires peripherin for their proper development.
Materials and methods

Knockout mice
Screening of a mouse 129Sv phage genomic library (Genome System, St Louis, MO, USA) using a mouse peripherin EcoRI probe led to the isolation of one genomic clone. This clone was amplified and cut with restriction enzymes Spe1 and EcoRV to generate a 7.1-kb fragment which contains the complete peripherin gene. This 7.1 kb fragment was then subcloned into a modified version of pBluescript II KS + vector to generate the pQZBSKS7.1 vector. The first exon was replaced with a nlsLacZNeo cassette blunted by cutting the pQZBSKS7.1 vector with E47III and SfiI restriction enzymes followed by a S1 nuclease treatment. These cloning steps generated a targeting vector containing the nlsLacZNeo cassette flanked by 1 kb of 5¢-flanking sequences and by 5.5 kb of 3¢-flanked sequences. The NotI fragment of the targeting vector was isolated and electroporated into embryonic stem (ES) cells. After G-418 selection, positive clones were picked up and amplified. The homologous recombination event was detected by Southern blots using the external 5¢-KpnI peripherin probe. A LacZ probe was also used to determine the number of copy inserted into the genome and to detect random integration. The use of animals and all surgical procedures described in this article were carried out according to The Guide to the Care and Use of Experimental Animals of the Canadian Council on Animal Care.
Southern blotting
Southern blot analysis of DNA extracted from ES cells or mouse tails was carried out according to procedures described previously (Ramirez-Solis et al. 1993; Couse et al. 1994) . A 800-bp 5¢-KpnI fragment of the peripherin gene was used as Southern probe. This peripherin probe detected a 9.3-kb wild-type band and a 4.6-kb band from the knockout mice.
Northern blotting
Mice were killed by cervical dislocation. Tissues were dissected out, frozen in liquid nitrogen and stored at ) 80°C until the RNA extraction. Total RNA were extracted using Trizol reagent (Gibco-BRL, Gaithersburg, MD, USA) according to manufacturer's protocol. Then, 10 lg of total RNA brain and spinal cord extracts and 5 lg of total RNA from the sciatic nerve at the level of the dorsal root ganglion (snDRG) were fractionated on 1% agaroseformaldehyde gel, transferred on Genescreen plus (NEN Life Science, Boston, MA, USA) membranes and probed either with a peripherin cDNA probe corresponding to the AatII and Tth111I fragment or with an actin probe.
Western blotting
Total protein extracts from spinal cord, snDRG, ventral and dorsal roots, and trigeminal nerve were obtained by homogenization of tissue samples in sodium dodecyl sulfate (SDS)-urea b-mercaptoethanol (0,5% SDS/8 M urea in 7.4 phosphate buffer) with a pool of protease inhibitors [phenylmethylsulfonyl fluoride (PMSF), leupeptin, aprotinin and pepstatin]. The supernatant was collected after centrifugation at 10 000 g for 20 min. Protein concentrations were determined using the Bradford method (Bio-Rad). Proteins were fractionated on 7.5% SDS-polyacrylamide gel electrophoresis (PAGE) and blotted onto nitrocellulose membrane, and probed with different antibodies. The monoclonal antibodies against NF-L (nr-4), NF-M (nn18), nf-H (RT-97), tau-1 and b-tubulin were purchased from Boehringer Mannhein inc (Laval, Quebec, Canada). Peripherin (MAB1527), a-internexin (MAB5224), vimentin (J144) and actin (C4) monoclonal antibodies were purchased from Chemicon (Temecula, CA, USA). SMI-32 antibodies came from Sternberger monoclonals inc (Lutherville, MD, USA). Western blots were revealed using Renaissance chemiluminescence kit from NEN Life Science.
Light and electron microscopy Mice were perfused with 3% glutaraldehyde in phosphate-buffered saline (PBS) 1·. Tissues were dissected out and immersed in the same fixative overnight at 4°C. Tissues were incubated in 2% osmium tetroxide in 0.1 M phosphate buffer, dehydrated in a graded ethanol series, and embedded in Epon. Sections of 1 lm were stained with Toluidine blue and examined by light microscopy. The counts of L5 ventral and dorsal root myelinated axons and measurement of axonal caliber were carried out using the Image-1 software from Universal Imaging Corp. (Westchester, PA, USA). Ultrathin sections were subsequently cut, collected on collodioncoated single-slot grids and stained for 10 min with uranyl acetate followed by 7 min in lead citrate. The counts of L5 unmyelinated sensory axons were carried out using a Philips 410 LS electron microscope coupled to a Megaview II camera (Soft Imaging System, Mü nster, Germany). Instead of counting all unmyelinated fibers through the entire dorsal root area, we counted the unmyelinated axons within each four field horizontally and three vertically at a magnification of 10 200· that allowed easy identification of unmyelinated axons. Using this method, we counted approximately 25% of the total number of unmyelinated fibers. One dorsal root section was analyzed per mouse.
Immunofluorescence
Mice were anesthetized with chloral hydrate and perfused with 4% paraformaldehyde in 0.1 M phosphate buffer pH 7.6. Spinal cords were dissected out, post-fixed for 2 h with the same fixative, rinsed in phosphate buffer and immersed in 20% sucrose in PBS 1· overnight. Spinal cord were embedded in OCT compound and put in a freezer at ) 80°C for 15 min. Fourteenmicrometer-thick cryostat sections were cut and let to dry at room temperature for 1 h. For a double labeling of calcitonin-generelated-peptide (CGRP) and lectin GSA-IB4 (IB4), the sections were washed several times with PBS followed by a 10-min incubation in 1% sodium borohydrate in PBS and then blocked in PBST, bovine serum albumin (BSA; PBS 1·, Triton-X100 0.2%, BSA 3%) for 1 h at room temperature. Sections were then incubated overnight with an anti-CGRP antibody from the rabbit (1/2000; Sigma, Oakville, ON, Canada) and with a biotinilated IB4 (5 lg/mL; Sigma) in a humid chamber at 4°C. For the double labeling of substance P (SP) and IB4, a rat monoclonal anti-SP antibody (Cuello et al. 1979 ) was used at a dilution of 1/10 under the same condition as with the anti-CGRP antibody. Following three washes, the sections were incubated with a secondary antibody (anti-rabbit IgG or anti-rat IgG conjugated to rhodamine, 1/100, Jackson Immunoresearch, West Grove, PA, USA) and a streptavidin conjugated to Alexa Fluor 488 (1/200, Molecular Probes, Eugene, OR, USA) for 2 h at room temperature in a dark, humid chamber. After washes, the sections were mounted onto gelatinized-subbed slides and cover slipped with Prolong Antifade kit (Molecular Probes). In the case of a-internexin and NF-H double-staining the same procedure was used, except that no incubation with sodium borohydrate was done. Monoclonal a-internexin (MAB5224, Chemicon) and polyclonal NF-H (N-4142, Sigma) antibodies were used at a dilution of 1/500 each.
ELISA
Mice were killed by cervical dislocation and spinal cords were immediately removed. The spinal cords were homogenized in PBS 1· with a pool of protease inhibitors (PMSF, leupeptin, aprotinin and pepstatin). Protein quantification was performed using the Bradford method. These homogenates were then diluted to a concentration of 5 lg/mL in the same buffer and used to coat 96-well ELISA plates overnight at 4°C. After removal of the protein solution, the plates were blocked for 5 min at room temperature with a blocking solution (3% BSA in PBS, Tween 0.01%). Following one 5-min wash with PBS, Tween 0.01%, the primary antibody diluted in the blocking solution was applied for 1 h at room temperature. After three washes, the second antibody diluted in the same buffer was applied for 1 h at room temperature. After another three washes, the ELISA substrate (2,2¢-azino-di[3-ethylbenzthiazoline sulfonate(6)] diammonium salt tablets, Roche Molecular Biochemicals (Laval, Quebec, Canada) was applied according to the manufacturer's protocol. Optical densities were read using a Bio-Rad microplate reader Model 3550.
Results
Generation of peripherin null mice
A genomic fragment containing the peripherin gene was isolated from a BAC library using an exon I DNA probe. The peripherin gene ( 4.5 kb) containing nine exons separated by eight introns was subsequently cloned into a modified version of pBluescriptII KS +. A targeting vector of approximately 11 kb was constructed by the insertion of a nlsLacZNeo cassette into the first exon as shown in Fig. 1(a) . The DNA fragment was electroporated into ES cells and neomycin-resistant colonies were picked up for Southern analysis. A total of 400 colonies resistant to G418 were isolated and amplified. Three of these ES cell clones, which scored positive for homologous recombination upon Southern blot analysis, were microinjected into mouse blastocysts to generate chimeric founder mice. Male chimeras were then mated with C57BL/6 females to generate heterozygous mice. Genotyping was determined by Southern blot analysis of DNA extracted from mouse tails using a 800-bp 5¢-Kpn I probe (Fig. 1b) . Mendelian transmission of the disrupted peripherin gene was obtained by the breeding of heterozygous F1 mice.
From birth onward, the homozygous null mice were undistinguishable from their heterozygous and wild type littermates. They were viable and reproduce normally. The oldest mutant mice are now 14 months old and exhibit no overt phenotypes.
mRNA and protein analyses
To confirm the absence of peripherin expression in homozygous mutant mice, we assayed for both peripherin mRNA and protein. Northern blot analysis revealed the absence of peripherin mRNA in sciatic nerves at the level of the dorsal root ganglion (snDRG) of peripherin null mice, while heterozygous mice displayed approximately a 50% decrease in levels of peripherin transcripts (Fig. 1c) . Brain and cerebellum tissues showed no detectable levels of peripherin mRNA even in wild-type mice.
Western blot of total protein extracts from spinal cord, snDRG and trigeminal nerves showed the complete absence of peripherin protein in homozygous mice (Fig. 1d) , whereas peripherin levels were slightly reduced in heterozygous mice. No small, truncated fragments of peripherin potentially derived from the knockout locus were detected by immunoblotting. The lack of peripherin did not affect protein levels of phosphorylated NF-H (RT-97 antibody), NF-L, Tau-1 and b-tubulin. However, it did perturb the levels of hypophosphorylated NF-H (smi-32), NF-M, vimentin and a-internexin. In the case of hypophosphorylated NF-H and NF-M, it is possible that the slight decrease in NF-H and NF-M levels might reflect a function for peripherin in the assembly and stabilization of these large NF subunits, but this need to be further investigated. The absence of peripherin resulted in 50% increase of vimentin levels in spinal cord extracts and in 60% increase of a-internexin levels in the snDRGs (Fig. 1d) . To further determine whether the a-internexin increase occurred in the ventral root axons or sensory neurons, we carried out double immunofluorescence staining using a monoclonal a-internexin antibody and a polyclonal NF-H antibody and western blots of isolated ventral root and dorsal root. As shown in Fig. 2 (a and b) , the ventral root, but not the dorsal root, showed increased immunoreactivity for a-internexin in absence of peripherin. This suggests that motor neurons might compensate for the lack of peripherin by increasing their level of a-internexin in knockout mice.
Some unmyelinated axons lack intermediate filament structures
Because peripherin is abundantly expressed in small peripheral neurons (Parysek et al. 1987; Brody et al. 1989) , we examined at electron microscopy the axonal morphology of small unmyelinated neurons from normal and knockout mice at 4 months of age (Figs 3a and b) . Unlike normal mice, the null peripherin mice showed some unmyelinated axons that totally lack IF structures (arrows). Nonetheless, the axonal caliber of these axons remained unchanged.
The retinal ganglion cells, where peripherin is also normally expressed, did not differ morphologically in the peripherin null mice. Thus, immunostaining of the retina with a pool of antibodies against NF-H (SMI-31 and SMI-32) showed comparable numbers of ganglion cell bodies and axons (Figs 3c and d ) in normal and knockout mice. Light microscopy of other neuronal populations such as spinal motor neurons and enteric neurons of the gut revealed no obvious abnormalities in null mice (data not shown). These results demonstrate that for the majority of neurons peripherin is not essential for neurite outgrowth and axonal pathfinding.
Decreased number of unmyelinated sensory axons in peripherin null mice Electron microscopy at a magnification of 10 200· allowed us to visualize unmyelinated axons in the L5 dorsal roots. Instead of counting all unmyelinated axons through the entire root area, we counted the number of unmyelinated axons within every fourth field horizontally and every third field vertically. This provided assurance that the counts were representative of the actual axonal distribution. The number of unmyelinated sensory axons was substantially reduced in peripherin null mice (Fig. 4a) . In the homozygous null mice (n ¼ 4), we counted an average of 525 ± 38 axons (Student's t-test, p < 0.002, 95% confidence interval), in the heterozygous mice (n ¼ 3) 705 ± 38 axons, whereas in the normal mice (n ¼ 4), the number of unmyelinated fibers was 794 ± 104. Note that using this method, the counts represent approximately 25% of the total number of unmyelinated axons. Our axonal counts in normal mice are in agreement with the estimated number of unmyelinated fibers previously reported for the L5 dorsal root of albino mice (Duchen and Scaravilli 1977) . However, no significant change was detected when counting and examining axonal caliber of myelinated axons. As shown in Fig. 4 (b and c) , no difference in caliber of L5 ventral and dorsal myelinated axons was detected in homozygous and heterozygous mice when compared to normal mice. Motor axon (Fig. 4b) and myelinated sensory axon (Fig. 4c) counts yielded normal bimodal and unimodal caliber distribution curves, respectively. Also, total numbers of myelinated axons, motor and sensory, were comparable to those of normal mice (data not shown). These results clearly demonstrate that peripherin is necessary for the development of a subset of unmyelinated sensory axons, but not for the development of myelinated axons.
Decreased IB4 binding
In attempt to identify the missing population of unmyelinated sensory neurons, markers of subsets of primary sensory neurons were used for spinal cord staining. CGRP and SP are known markers for peptide-containing primary sensory fibers terminating mostly in lamina I and in the outer lamina II, whereas IB4 (an oligosaccharide-binding plant lectin) labels non-peptidergic primary sensory fibers terminating mostly in inner lamina II. Figure 5 shows the results of CGRP and IB4 double-labeling in the spinal cord of 4-month-old peripherin null mice and wild-type littermates. No striking difference was observed neither with CGRP (rhodamine) (Figs 5a and b) and SP (data not shown) staining in knockout mice. However, a decreased in IB4 binding [fluorescein isothiocyanate (FITC)] was evident in mutant null mice when compared to wild-type mice (Figs 5a and b) . Furthermore, quantifying the IB4 reactivity by ELISA using total protein spinal cord extracts revealed a 23% decrease in IB4 staining compared to normal mice (Student's t-test, p < 0.009, 95% confidence interval; Figs 5c and d). This suggests that while a high proportion of the compromised neurons in peripherin null mice are IB4-positive there are other types of sensory neurons being also affected by the lack of peripherin.
Discussion
We describe here for the first time the generation and characterization of mice that are completely deficient in peripherin mRNA and protein. Peripherin is a type III IF protein that was thought to be important for axon elongation and stabilization because of its wide pattern of expression during nervous system development, its induction of expression during regeneration and its expression in adulthood primarily to neurons with long PNS axons (Escurat et al. 1990; Gorham et al. 1990) . Nonetheless, the finding that cultured PC12 cells depleted in peripherin had no neurite outgrowth defects challenged the view of a role for this IF protein in axogenesis (Troy et al. 1992) . The peripherin knockout mice described here provide the definite proof that for the vast majority of neurons there is no requirement of peripherin for developmental growth and axon guidance. The peripherin knockout mice develop normally with no anatomical abnormalities or overt phenotypes. Moreover, in absence of peripherin, the number and caliber of large myelinated axons from spinal motor neurons and DRG sensory neurons remained unchanged (Fig. 4) . From these results, we conclude that peripherin is dispensable for the elongation, radial growth and stabilization of very long myelinated axons. It should be noted that the deficiency in peripherin caused an up-regulation of a-internexin levels in motor axons (Fig. 2) . Thus, there is a possibility that this type IV IF protein could compensate at least in part for peripherin function in some neuronal populations. This question could be addressed in future studies through the generation of double knockout mice derived by the breeding of peripherin null mice with a-internexin null mice described previously (Levavasseur et al. 1999) .
Despite the fact that for most neurons peripherin is not required for axogenesis, its absence compromised the development of a subset of unmyelinated sensory axons in mouse (Fig. 4) . Thus, our analysis of L5 dorsal roots revealed a 34% loss of small unmyelinated sensory axons. As judged by the decreased binding of IB4 (Fig. 5) , the missing neurons correspond, at least in part, to the IB4-positive non-peptidergic nociceptive afferents. The function of the non-peptidergic nociceptive neurons remains unclear. However, recent results suggest functional differences between non-peptide and peptide containing nociceptive neurons (for review see Alvarez and Fyffe 2000; Molliver et al. 1997) . Compared to peptidergic nociceptors, the IB4 neurons have a high density of voltage-gated TTX-resistant Na + channels, resulting in longer-duration action potentials and smaller heat-evoked currents. Moreover, the IB4 neurons display a much lesser response to noxious heat than peptidergic neurons, suggesting that non-peptidergic neurons play a less important role than peptidergic nociceptors in thermal responses.
Why are the IB4 neurons more vulnerable than other sensory neurons to the absence of peripherin? The DRG neurons are a heterogeneous population that is reflected by their content in various IF proteins, cytochemical markers and neurotrophic requirements. At first, it seemed plausible that the sensory neurons at risk in the peripherin null mice would be those completely devoid of axonal IF structures. However, electron microscopy detected the existence of unmyelinated sensory axons in null mice that lack IF structures (Fig. 3) , arguing against this hypothesis. Alternatively, a peripherin deficiency may cause alterations in cytoskeletal integrity that could disrupt axonal transport and compromise neuronal survival. For instance, peripherin is the favored interaction partner of dystonin (Leung et al. 1999) , also called the neuronal isoform of bullous pemphigoid antigen 1 (BPAG1-n; Guo et al. 1995; Dalpe et al. 1998) . Dystonin is part of the plakin family of cytoskeletallinker protein. Mutations in the dystonin gene cause a severe degeneration of primary sensory neurons known as the dystonia musculorum (dt) pathology (Leung et al. 1999; Yang et al. 1999) . A study by Yang et al. (1999) indicated that neurodegeneration in dt neurons occurs through destabilization of microtubules (Yang et al. 1999) . Also, Carlsten et al. (2001) recently discovered that there is a selective degeneration of the IB4-positive neurons along with the NF-H-positive population in the dt mouse, whereas the CGRP-positive population is spared. It is remarkable that the selective loss of the IB4-positive sensory neurons occurs in both dt mice and peripherin null mice. Somehow, this neuronal population seems particularly vulnerable to the disruption of dystonin/peripherin interactions. Perhaps, a lack of peripherin could result in the disorganization of dystonin with ensuing destabilization of the microtubule network, another interaction partner of dystonin.
In summary, our results clearly demonstrate a requirement of peripherin for the proper development of a restricted subset of sensory neurons. Yet, the peripherin null mice developed and survived normally with no detectable abnormalities in other populations of CNS neurons. Thus, this mouse strain should be useful to address the specific role of IB4 positive neurons in nociception and the role of peripherin in neurodegenerative disorders, especially in mice models of motor neuron disease exhibiting peripherin aggregates similar to those found in human ALS.
